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I. IlocmaHoeKa aaoa'lu 

Ilorno~eHHe :mepruii ynLTpa3ByKoBoii B~nHLI B napaMar
HBTHLIX MeTannax u·nonynpoBo,nHHKax o6ycnoBneHo B3aHMo
,neiicTBHeM 3ByKa KaK C KHHCTH':ICCKHMH, TaK H CO CllHHOBLIMH -
cTeneH.IIMH cBo6o,nLI · ::meKTPOHOB npoBo,nHMOCTH. Mo:>KHO 
Ha3BaTL IJ,enLIH p.11,n MCXaHH3MOB, OTBCTCTBCHHLIX 3a CllHHOBOC 
norno~eHHC ynLTpa3ByKa CB060,nHLiMH ::meKTpOHaMH np(>Bo

,ng~HX KpHCTannoB: 
- 1. Mo,nyn.IIU.H.Il 3BYKO~ cnuu- op6uTanLnoro B3aHMo,ne~cT-

BH.Il ::meKTponoB c peweTKoii I 1 •2r ; , ·· 
2. B3aHMO,neiiCTBHe. ::meKTPOHHoro cnuna c nepeMCHIILIM 

. . /3/ 
MarllHTHLIM noneM, COllpOBO)K,naJOili,HM 3BYKOBYIO Bonny ; 

3. Mo.nyn.IIU.H.Il 3BYKOM .nunonL-,nunonLHLIX B3aHMo,neiicT-
BHii :MeKTpOilllLIX CllHHOB; /3/; . 

4. Mo.nyn.IIU.HB 3BYKOM B3aHMo,neiicTBH.Il cnunoBLIX H KH
HeTH':IeCKHX CTeneneii CB060,nbl 3neKTpOIIOB npOBO,nHMOCTH, 
B03HHKalo~ero, HanpHMep, B KpHcTimnax 6e3. u.enTpa un
BepcHH, ,nn.11 g ·«llaKTopa 3neKTpOHOB, 3aBHC.Illll,ero OT HMn}'nL-

/4' .· 
ca, H T .,n. ' • 

•. B . o6~eM cnyqae B3aHMo.neiicTBHe 3ByKa co cnimaMH 
3nCKTpOHOB npOBO,nHMOCTH HMCCT pe30ilaHCIILIH xapaKTep. 
Pe3ouauc B03HHKaeT npH coBna.neHHH ':laCTOTLI 3ByKa w c 
':laCTOTOH npeli,CCCHH CllHHa w 8 , a TliioKe H Ha ,npyrHX ':laCTO
TaX, npe,ncTaBn.IIIOili,HX C060H nHHCHHLIC KOM6HHali,HH '3eeMa-· 
HOBCK.OH (JJ s H li,HKnOTpOIIHOH (JJ 0 ':laC TOT. TaKHM I o6pa3oM, 

aKyCTH':ICCKHH CllHIIOBLIH pe30ilaHC I ACP I BO MllOrOM no.no6eH 
3neKTPOHHOMY Ko:M:61milpoBallHOMY pe3ouancy 141 H, B oTnH-
1.fue oT na:paMarH:in_uoro pe 3oiiauca, M?*eT Ha6nro.na TLC.Il KaK 

. B npo,nonLHOH, TaK H B nonepe':IIIOH non.llpH3a~HH 3BYKOBOH: 

BOllllLI. 
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MexaHH3MLI 1 - ~ onpe~emiroT TaiOKe ciJonon:Hyro penaKca

:uaro nepaanoaecno:H cri:anoao:H HaMarniiqennocTH 3JieKTponoa 

npoao~HMOCTH. H3 Teopaa cnan- p_ewe'i'oqno:H penaKca:uaa/5 •6 / 
H3BeCTHO, 'ITO B 60JILWHHCTBe npoBo~glUHX KpHCTaJIJIOB HaH-

60JILWHH BKJia~ BO BpeM.H peJiaKCa:uHH CITHHa BHOCHT nepBLIH 

H3 nepeqacneHHLIX MexaHH3MOB. B p.H~e KPHCTaJIJioa I CdS , 
TnSb I c HHM KOHKypapyeT MexaHH3M 4. 

CyiUeCTBeHHLIM H~;tngeTc.H To o6cTogTeJILCTBo, 'ITO nepe

qacneHHLie MexaHH3MLI ACP OTJIH'IaroTc.H He TOJILKO no HH

TeHCHBHOCTH B3aHMO~eHCTBHg, HO HITO WHpHHe JIHHHH H no

JIO)J(eHHIO pe3onancHLIX qac,ToT. EcJIH no3TOMY naa6oJILWeMy 

no: BeJIH'IHHe B3aHMO~eHCTBHIO COOTBeTCTByeT WHpOKag JIHHH.H 

ACP, To B03HHKaeT B03MO)J(H_OCTL na6JIIO~enag_ BKJia~oB oT 

~pyrax MexaHH3MOB, ~aroiUHx 6onee y3KHe JIHHHHpe3onanca. 

B nacTogiUeii pa6oTe 6y~eT uonyqeno o6uiee BLipa)J(tmae · 

~Jig MOIUHOCTH, ITOrJIOIUeHHOH 3JieKTpOHHLIMH CITHHaMH,~ H Ha 

ero OCHOBe IIOCTpOeHLI BLipa)J(eHHg ~Jig WHPHHLI pe30HaHCHLIX 
JIHHHH. 

2. -~Aa6oAuHeiiHbzii pexuM ACP u nozAoJlleHHaR 
MOJIIHOC111b 

B o6i::ueM CJiy'lae raMHJILTOHHaH H e r(t) B3aHMO~eHCTBHg 
3JieKTPOHOB CO 3BYKOBOH_BOJIHOH 

• -+-+ • 
il(~ )-I~(~) Jqx+JCot x, t ..,. ... u q e 

q 
12.11 

... v 

CLl = S q, r~e S - . CKOpOCTL 3ByKa, a q - BOJIHOBOH BeKTOp, 
HMeeT BH~ 

-n · i ""* iCLl t n _. 
Hef(t)=Hkf(t)+H~f (t)::::: «<l_

1
(Cj)u (q)e - T (q), /2.21 

. . ~q 

n ...,. n -+ 
r~e ciJ i · (q) ·- ~ -q_HCJIOBLie · MaTpH:ULI, a.T- · (q) 
TeH30pHLie onepaTOpLI, 3aBHCgiUHe OT rpyniiLI HH~eKCOB 

O=(p.,a
1 

,a
2 

•• .-), llpH'IeM ~Jig B3aHMO~eHCTBHg 0 He.3aBHCgiUe
ro_ oT cnana /H kf (t) I: 

4 

,..,..;4""·' 

! 
. j 

. I 

-~~ 
Jqx .. ·~· -~ 

I e l = T"" (q)=.N (q) 

~~ 

a i qx. ~ a ~ 
··I ("P. , e l } = T"a(q) =P (q) 

j ] .. 

·n ~ 
T (q) = 12.31 

~~ 

a 1 . a 2 iqx· · ·~ 
I I P. P. . .. ,e 1 J = T•atz2 ··•"(q) 
j . ] ] . 

~ 
H T.~. 
OnepaTOPLI T n (q), OITHCLIBaiOIUHe CITHHOBLie B3aHMO~eHCT-
BHg /H sf (t)/,. HMeiOT BH~ 

.~~ 

p. 1 qx. p.. ~ p. ~ 
IS. e ·. 1 = T (q)=S (q) 
j ] . 

p. p. . i ij;. ~ . 
Is. 1 s. 2 ••• e 1=TP.1P. 2 (q)· 
j ] ] 

T n (q)= ~~ 

. p. a i q x. ·p.a . ~ 
~Is i P J , e 1 J = T ( 9> 

/2.41 

~~ 

j 

p. al a2 i q x. 
!IS. P.- P .... ,e l 

J J ] 

p.aa 2 ••• -~ } = T I ( q) 

H T.~ • 

3~eCL xj ,Pt , S lj -· -~~epaTOpLI KOOp~HHaTLI, KHHeTH'Ie

CKOro. HMITYJILCa H CITHHa J - TOrO. 3JieKTpOHa,. COOTBeTCTBeH

HO, HH~eKCLI(p.,al ,a2'~ .. ) npo6e~aiOT 3Ha'leHHH/0,+,- /, 
IIpH'IeM . 

+ 1 X y .. ± 1 . X+- y 0 z 0 z 
Sj = v2.(S j ± iSj ), Pi= V

2 
(Pi -iPj ), Sj=Sj ,Pj=Pj. 

N(<i'L:Pa-(q}, sP. _(ij} - .onepaTOpLI n~OT~OCT~ '.iHcJia -'laCTH:U, 

a:MnynLca if ·cnana ·3neKTponoa a ciJypLe:·:npe~cTa-BneHHH. 
CKo6KH 1 ••• , ... } 03HaqaroT CHMMeTpH30]JaHHoe npoH3Be~e·-:-. . . a . . 
HHe onepaTopoB. KoMIIOHeHTLI HMITYJILCa P. cllO~'IHHgiOTCg 
nepecTaHOBO'IHLIM COOOTHOWeHH11M 

] . 

[P~ ,P~;'-] = o, -o .. , amiiCLl0 , a=(O,.±). 
J J a,-a· .. u . . 

.5 
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- n ... 
KoHxpeTHLiii BH.Il onepaTopos T. (q), peanLHo BXO.IlJilllHX 

B 4JopMyJiy 12.21, 3aBHCHT OT MeXaHH3Ma B3aHMO,lleHCTBHJI. 
ECJIH npeHe6peiJL CnHHOBLIMH 34l4JeKTaMH, TO OCTaHeTCJI 
TOJILKO B3aHMO,lleHCTBHe C KHHeTuqeCKHMH'CTeneHJIMH CBO-

. 6o,llLI. 3JieKTP'?,HOB 'H kf(t), . ~ol-opoe 6y]leT co,llep)KaTL JIHIIIL 
onepaTop N(q), ecnu He y"'HTLIBaTL 3aBHCHMOCTH.Ile4JopMa-

~HoHHoro noTeH~HaJia OT HMnyJILCa. llpH yqeTe 3TOH 3aBHCH,;, 
MOCTH nOJIBJIJIIOTCJI OCTaJILHLie. T•a1 a 2••• (V H3 Ha6opa 12.3/ . . 
CTpyKTypa B3aHMO,lleHCTBHJI H sr(t) 3ByKa co cnHHOBLIMH 
CTeneHJIMH CB060,llld 3JieKTPOHOB pa3JIH"'Ha ,llJIJI MeXaHH3MOB 
1 - .4. HanpHMep, ]lJIJI MexaHH3Ma 1 B xpHcTanne c 3Kcrpe
MYMO.t:'l 3HeprHH B ~eHTpe HJIH Ha rpaHH. 30HLI lipHJIJII03Ha 

n ... f1ll ... ' ·11 a ·· fq t . 
T (q) = T (q) = ~ I S . PJ. , e l. I luteno"'HLie MeTan-

J J . 

JILl Na, K ;, PJI.Il nonynpoBOJlHHKOBLIX xpucTannos -InSb,Ge H 

n ... 
Jlp.l; npu ,llpyrux nono)KeHHJIX 3KCTpeMyMa T ( q) = 

_,. ..... 'l. 

/1 iq xj '/1 . _. • 
= ~ S j e o= S. (q), T.e. COBna,llaeT C 4JypLe-KOMno-

J . . 

HeHTOH nJI~THOCTH pacnpe,lleJieHHJI CnH~OB/S/ lxpHCTaJIJILI 
Bi, Si I. Taxoii )Ke BH.Il HMeeT on epa Top T .!1 ( q) ,llJIJI 
MeXaHH3Ma 2 H B HeKOTOpLIX cnyqaJIX -. ,llJlJI MexaHH3Ma 4 
IHHBepCHOHHaJI acHMMeTpHJI B KpHCTannax THna CdS , 3aBH
CHMOCTL g -4JaKTopa 0~ _HMnynL~a B Si H T -~./. ,l:(~JJ ~exa: 
HH3Ma 4 B .. JnSb IHHBepCHOHHaJI aCHMMeTpHJII T (q) . = 

- ' ' '.' -+-+ . 
:\ 11 a 1 a 2 iq x. = T .11a1 a 2 ( q11 = ~ I s. P. P . , e J I. 

j J J • 

· ITonHLIH raMHJILTOHHa:il 3JieKTpoHOB npoBO.zlHMOCTH B no
CTOJIHHOMMarHHTHo:Mnone (O,O,H), · B3aHMO,lleHCTBYIOlllHX 
C noneM CMeuteHHH peweTKH u (x, t )' H pacceHBaTe.riJIMH,MO)K
HO 3anacaTL B BH,lle: 

}{ ( tf=H + ~·e r(t), 

H =Hk +Hs +Hee +He ' 

.6 

p2 
Hk= ~ __L 

j · 2m 

·~ ,, 

/2.51 
. z 

H =-h(i) ~S. 
s ' s j ; j , 

. ';, 

J. 

• 

r,lle H k H Hs - .onepaTOPLI .xHHeTH"'ecxoii H 3eeMaHoBcxoii 
3HeprHH 3JleKTPOIIOBj Hee H He - raMHJlLTOHHaH B38.HMO
,lleHCTBHJI 3JieKTPOHOB C pacceHBaTeJIJIMH H raMHJILTOHHaH· 
peUieTKH, COOTBeTCTBeHHO. BLip_a)KeHH'JI Hk(t)=Hk+H u(t)H 
Hs (t)=H 

8 
+H ·sf(t) MO)KHO paccMaTpHBaTL xax MrHOBeH-

HLie 3Hal.feHHJI onepaTOpOB KHHeTH"'eCKOH H 3eeMaHOBCKOH 
3HeprHH 3.JieKTpOHOB B none 3BYKOBOH BOJlHLI. 

HepaBHOBeCHOe COCTOJIHHe_ 3JleKTPOHHOH no,llCHCTeMLI 
6y]leM onHCLIBaT:b cpe,llHHMH no BpeMeHH H 06'LeMy CHCTeMLI 
3Hal.feHHJIMH 3THX onepaTOpOB /HJIH, "'TO TO )Ke CaMoe, 3'Ha-
1.feHHJIMH TepMO,llHHaMH"'eCKH conpJI)I(eHHLIX C HHMH napaMeT
pOB {3 k .. H fJs , HMeiOlllHX C.~LICJl o6paTHLIX ~~eKTHlmLIX 
TeMnepaTyp KHH~THiie~KOH H CnH~OB~H HO,llCH(aeM. MLi 6y,lle,M 
paCCMaTpHBaTL nornoil(eHHe _.3HeprHH 3ByKa 3JieKTpoHaMH 
s oxpec'illocia-·qacToT ACP; orpaHaqaaaJicL l<aa]lpaTaqnLIM 
np86na,KeHHeM no aMnmiTy,lle cMe~~HHii lcna6oHenaueiiHLiii. 
pe)I(HM ACP I. EcnanoriioutEmae 3Byxa cnaHaMu 3ne:KTpoHos 
HMeeT:pe30HaHCHLJifxapaKTep, T'o OT:imoHeHHe. f3s .OT paBHo-· 
secHoro 3-Ha"'.~Hiu 6y]leT HM~TL MecTo 8 y3i<oM· aHn~psane 
qacTOT nopJI,llKa IIIHPHHLinHHHH ACP. B" TO ,Ke ape'M:JI OTKno
Heinie j:Jk' oT pasuosecai lpa3orpelil<H!feTuqecxux cTeneHeii 
CB060ALII 6y]leT o6yCJIOBJieHO, Bo-nepBLIX, Hepe30HaHCHLJM 
6eccnaHOBLIM B3aHMO.IleiicTsHeM H k f..t ), . a, so-aTopLix, ne~ 
pe,llaqeii qacTH-3HeprHH OT HepasuosecHoii cnHHosoii noA
CHCTeMLI K KHHeTH"'eCKHM CTeneHJIM 'cao60ALI B npOl\eCCaX 
cnaH-peweTo"'HOH penaxcal\HH. ITocneAHHii MexaHH3MB ycno
sagx ACP ~OJI)I(eH 'npaso):(HTL K pe3oHaHCHOMY H3MeHeHHIO 
f!apaMeTpa f3'k · 3TO .. · ~BJICHHe · B 06LI"'HOM' napaMarHHTHOM • 
pe30HaHCe Ha6JIIO,llaJIOCL no . pe3oHaHCHOMY - H3MeHeHHIO . 
3JieKTponpOBO,llHOCTH/7/ .HMeJI B BH,lly paCCMOTpeHHe B,llaJIL:
HCHIIIeM 34l4JeKTOB, CBJI3aHHLIX C OTKJIOHCHHCM 01_' paBHOBe(aiJI · 
060HX napaMeTpOB {3k. H f3~,·3anHUieM onepaTOp 3HTpOnHH 

.CHCTCMLI B:BH]le: . . " . . -

. :.s·(·t) = <11 ( t)+f3 (t}(H (t)-p(t)N)'+{3
8
(t)H 

8
(t)+ f3(H ee+ He ):: 

It ' . k ., . ' .'i ' • ' ,• 

-::.50 + 8 S(t) 

s"'~~· :._: lhp = f3 (H-ILN-'- 0 ) ; 0 =- .!_ fuSpexp 1-,B(H -pN)}, 
0 0 .· - ' f3 '• ' ' -. - . - .. . . ~':: . - - ( 
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I 
I' 

\. 

-.t 

··:· ... 

;. .. -....... 
.• 

-~· 
... :··· 

..J· ' • "' • ~ .. 

,..:-~~ 
.. -~ 

,.· 

oS( i:) ,;,~ {otJ
8 

(t}H 
8 

+tJH sf (tr+'8tJk(t}{Hk -JLN)~ 
- .. .. . .. ·.-..· 

·' .) .... 

:.:f3op(t}N 7 tJ):l -~ 1 (~) l = 
-~ 

·~·. /2.6/ ,.-

c·. -~~ { o tJ 
8

(t) H s +a tJ k(t) ( Hk -~Nh- tJ a·~(t)N +tJ J:l ef (t} l 
' ....... :. . 

~A,;, A~ <A >0 , <:A:O ·_ =SpAp0 

. r,ne f?o .. palmoBeCH~e p~cnpe,neneHH~ rH6Gca, N .:onepaTop 
~H(!na_ qac!HU, tJ ,H .JL .. paBHOBeCHble 3Ha'le~HJI ·o6.paTHOii 
Te'MIIeP.a TYPLl. H- XH~.H'Ie CKO ro 'noT_e~~ana CHCT~M.Li; 9 tJ s ( t) , 
o ,B k(!} , OJL (t) · ... HepaBHOBecHble -.no6aBKH K o6paTHhiM . 
34MlJeKTHBHblM TeMnepa TypaM cnHHOBOH H KHHeTH'IeCKOH no,n • ... 
cHcTeM H xHMH'IeCKOMY noTelutHany_3iieKTpolloB. :8 Bblpa)Ke· 

.• 'HHH. /2.6/' coxpaHeHhl _TOnLKO 'lneHbl~- He BLIWe BToporo no-; 
pJI.iiKa no aM'nnHTy.ne 3ByKa. · · _ · · _ -' 
.. ~ llocTpOHM HepaBHOBeCHblii· cTaTHCTH'IeCKHH ·, onepaTop 
/HCO/ 'CHCTeMLI B BHAe /S/ ·.· ., . ·. . . ' 

.. "'(· .: . - .:. . . ~~ 

.. -,.__;..... 
p(t)=exp{ ~S(~)L '/2.7/ 

_-:.: - .. 
r,ne ·, ~( t) ... HHBapHaHTiiaJI no OTHOWeHHIO K 3BOniOUHH 
C nonHblM.raMHnbT(>HHaHOM /2.5/ 'iaC'J:b onepaTopa 3HTpOnHH. 
3Ta _BenB;'IHHa ·y,noBneTBOpJleT cne,nyro~eMy HHTerpanLH(n&y 
ypaBHeHHIO ... 

·r:. .. 
_...;... · 0 , f\} it }L ~,,v ~ 
S(t)=S 0(t)~ifdt 1 e · e '·Lef ·(~,yt i)S(t+t 1 ) 

-~ . 

i2.8/ 
.. , 0 . ·Et it j L '"· . 
'" S 0 (t}=E J.dtl~ 1 e ~ < 'S(t+tl ), 

-~ ·.,.,.· 

r •· 

· r.ne. L, L e£ (t} .: onepaTopbl JI:ByBHnnJI; cooTBeTCTBYIO"" 

·. 
.•. 

Y' 

·'. 

·, 

r 

~ 

·J 

'. 
-:,, -;' 

-~-; 

··- t 
rr~t. y 

· .. , 
·~ ~ 

mHe raMHnLTOHHaHaM H H-· 1(t) .:···HanpHMep, 
. ' e ' ... .:. ... 

• < 

8 '"-. 

;-:.. 

.... , 
)....:· 

·' 

... ;:•· .. ·.• . .-

-~" ~- -7'-'~ 
.. :.-. .... .... 

-· 

-· ,, - itH · . L-tH · 
1· · itL. ~ -"""'ii"'?"_ 

i·LA=ih [A,H], e A. = e A e -

,nnJI nony'leHHJI ypaBHeHHJI6anaHca 3Hepruil B KBa,npa TH'i ... 
HOM npH6nH)KeHHH no CMell(eHmO ,I\OCTaTO'IHO HaRTH peiueHHe. 
ypaBHeHHH /2.8/, nHHeiiHoe no JIBHO BXO,I\Jlll(eMy B03Myll(eHHIO 
H e£ ( t). llpH 3TOM B nocne,nHeM qneHe HHTerpanLHoro 
ypaBHeHHJI /2.8/ MO)KHO nono)KHTL Sct +t ;1=s··o . Y'IHThl· 
BaJI, 'ITO 

iL e 1(t)S0 = i~ [S 0 ,Hef (t)]=-tJi·L,H ~~t)·- · 

H HHTerpHpyJI /2.8/ no 'laCTJIM, HMeeM 

... 

,...,._. 0 Et I it IL -n i : . 
S(t)=S +oS(t)- Jdtle e ~ { ~~<1>-i <v u <vtJiw X 

0 -~ :n1q 

icu (t+ti) 'ri ~ • -· • ·. . .. •. 
X e T (q)+ ofi (t+t I )H s<et of\ (t+ti )Hk(£ }:" . s . 

a . 
. :':- ( oS( t+t 1)- tJH e£ (t+t I )) I. at · 

• ' J ~ /2.9/ 

H3 3Toro Bblpll)KeHHJI BHAHO, 'ITO npoHCXOAHT-pemiKcaUHJI He .. 
paBHOBeCHOrO pacnpe,neneHHJI 3neKTpOHOBKnOKanLHO·paB· 
HOBeCHOMY pacnpe,neneHHIO e ..;.S 0 -o S ( t) B none 3BYKOBOH . 
BOJIJibl. fipH BblBO,I\e /2.9/ Mbl y'lnH; 'ITO 

1 ' . ·1 •• · . . 
'i·LH8 : .; ___ [H8 ,H];,_7[H 

8
,He£ ]= H s( f) 

- i. .lh- >, • • th 
.. 

. 1 . 
tLH k= 1h [H k ,H]= H k(£) 

iLN=O 
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j 

l----

1 
! 
I 
: ·: 
I. 

.. ~·. 

"'. 

', 
-~,..-

'~ ·: -~~-

_ H3 WOPMYJILI /2.9 I BLITeK~eT B,TOM )Ke npH6JUDKtmHH ~ne~yro:- · · 
~ee BLipa)KeHHe ~JI.H HepaoHooe_cHoro CTaTHCTH~eC?J\Oro one-
paTopa CHCTeMLI: . - . 

I r.. l-r • 
p (t) =Po ...:1 dr p oS(t)p

0
- + 

0 0 . 

0 Ell 
+I dt1 e 
-oo -

I · ·r - it 1L n, . ... 
I d r p e { {3 I i (i) <fl-- t qj u I ( q) X c-

o 0 . ... -I mq 
:·. 

icJ ( t+t 1 ) n ( -+ )-
xe T ·q+ 

/2.10/ 

.. ·~ . • • a -· · ·: _ I -r 
+ o {3 s ( t+ ~ 1) H s ce> + 8 {3k(t~ t 1) H k(e)+ a;:(8S(t+t 1 )~{3Hef(t+ t I)lp 

0 
+ ..• 

· ·,B HaCTO.II~eii pa6oTe MLI HCDOJlb3yeM 3TO pa3JIO)KeHHe ~Jl.ll 
DOCTpOeHHJI o6~eB fl>opMyJILI llOJIHOH cpe~HeB.MO~HOCTH 
Q,nOrJIO~eHHOB 3JieKTpOHaMH. •·- " 

HMeeM 

- 0- ftl 
Q=Q(t)=; firn c J dt

1
e· Q(t+t/ 

c->+0 -oo 

.. 
/2._li/ 

a ·t ~-- a _ _ a t 
- Q(t) =- < .l{(t) > =- Sp - J<(t) p(t)=.< - J{(t)> = - at at at -

;~!' 

-n -+ i - -+ icu t - -+ t 
= I .... <I>_1 (q)u (q)iwe <Tn(q)> 

inq 

/~:.12( 

no~c·ni.BJIJI.II B /2.12loLipa:lKCHHe /2..10/ ~Jl.ll HCO HBblllOJI
H.IIJI ycpe~HeHHe no aHCaM6JIIO H ycpe~HeHHe no BpeMeHH 
/2.11/,nony'IHM · 

/2.13/ 

·Q =fJ , l_:-, -+ cu
2 ReI <I>-~ ( q) <I> .n: (-q) u 1 

( q) u -i '(-q) G n , (q,cu)l 
nn ii ·q -I 1 - -n 

' A t t 

10 

..... ~ .. 

' 

-,.:·- -I·--_ 

l" 
I •. 

! ~:-

-~:-

t' 

I 
: 1 
I 

•. 
~i'". _, 

--: .. : ,~:' 

---:. 

· n ·-+ ----0 _t(c-i~) ·n- .. -··-;·-:--n', .... _ 
G,;.<>(q,cu)=fdte _(T (q},T (-q',t)), . /2.14/ 

"·n :_-·. -oo . . . ~- - . . . 
_,·. 

r~e 

~ .--. 
_ ''I ,:- - - -. · i tL 

_(A; B)= {dr<~A.~B(ihf3cf)>0 , B(t)=e ·;B 
. ... ~ '. 

.H Mbl y'IJIH, 'ITO npH ycpe~HeHHH·.no opeMeHJI t•-

icu_-t icu ~(t+t 
1
)- • · -icu t

1 e- e =8 . e · 

-a DpH ycpe~HeHHB no aHCaM6JIIO 

, - ' 
(i) ,-cu 

! 

' . - n' -n . - _ _ 

(T n(q),T_-n(q',t))=8_:. _,(T (q),T -- .(~q,'t)), 
-- q',-~:-- , . . 

·<·i· 
-}·"" 

• ·.I~;,.~ 

.. -. 

i oc'ne~CTBHe npOCTpaHCTBeHHOB O~HOPO.IUIOCTH HeB03My~eH:
Hoii CHCTeMLI. · Bo MHOrHx cnyqan 8 ./2.13/ cy~ecTBYJOT _ 
~OllOJIHHT_eJibHLie np~BHJia. OT6opa, .BbiTeKaro~e H3 HHBapH
ali'THOCTII' raMHJibTOHHaHa ocHoBH-oro"'cocToJIHH.H H -no oiHo ~ 

-~ . . - - ' 

WeHHIO K Bpa~eHH.IIM B KOOp~HHaTHOM H CnHHOBOM npOCTpaH· 
.CtBe BOKpyr OCH Z /HanpaBJieHHe noCTO.IIHHOrO MarHHTHOrO 
·JionJI/. llpH- 3TOM n ';;; n, H::··norno~eHHaH: j.fo~HOC1_'b Q 
npHHHMaeT B~A -< 

· - · 2 · · -n -+ i -+ 2 n -+ 

Q= I cu I~ <I> .(q)u (q)l ReG (q,cu).. /2.13a/ 
. ~ •• -• -n . qn -

~JIJI aKcHaJILHo-cHMMe.;rpH'IHo.ro raMHJibTOHHaHa H TaKHe 
npaBHna OT6opa B03HHKaiOT BCer~a, ecm{3BYK pacnp-OCTpa
HJleTCJI BAOJib oca ~ ~ ·:H npii: npoH3BOJibH~M ':HanpaoneHHH' 

~ . ' . __, 
pacnpOCTpaHeHH.II JJ.Jl!f- onepaTOpOB Tn (q), He 3aBHCJI~X OT 
uMnyni.ca· 3JieKTpoHoB /HanpHMep, np_H Tn (q) =;Sa (<l> /. 
B o6~t;~ cnyqae npu q .... 0 

. n .,..... ~ -n .,..... n 
(T (q);T- (-q,t)=8, (T 

n ,n 

-+- -n 
(q), T <-q, t)}+o< q

2 >• /2.IS/ 

.-.u 
--; ,_ ·;·, 

~:.t 
. , : ' ~· \ . 

--· 



r,ne fllyHK~HJI 0(q 2
), ecnH OHa OTriH'IHa OT HynJI,nponop~o

uanLHa ManoMy napaMeTpy. (qr c ),2 r.ne i:c - xapa:iCTepuaJI 
KOppenJI~HOHHaJI ,nnHHa B CHCTeMe. Il03TOMY .B cnyqae qr c<<1 
MO:>KHO llOnL30BaTLCJI fllopMynoii /2.13a/. 

3. IUupuHa /lUHUii ACP 

06UlHe BLIB.O.IU>I o B03MO>KHOCTH ua6mo,neHHJI ACP H UIH
PHHe pe3oHaHCHLIX nHHHii Mo:>KHo c.nenaTL, paccMaTpHBaJI 
KOppenJI~HOHHYIO fll}rux~HIO G n ( w ). BBe,neM 3ana3,nLIBaiO-
lllYIO 4JyHK~HlO rpHHa -n 

dtl -t ) 
n n -+ -n -+ 

G_n(t-t 1 )=0(t-t 1)e (T (q,t).T (-q,t
1

))= 

+oo dw iw (t 1-t). n . 
f -·e- · G (w). 

-n 
·.-oo 2TT · · 

/3.1/ 

n .·p.ala2 •• ~-+ 
OnepaTopbl T (q) = T . · ( q) y,noBneTBOPJIIDT ypaBHe-
HHJIM ,nBH)KeHHJI 

w~ . 

• n -+ n -+ n -+ 1 nK -+ • n 
T (q) = i·LT (q )=-iOnT (q) + iq-K "'fii T (q )+T (f}(q), 

/3.2/ 
r.ne 

• -+-+ 
n K -+ . . . ·. Jl a l . a 2 K_ . lqxj 

T (q)=I lS.P. P .... ,{P.,e lJ 
. . j J J J . I . ., ' 

• 1 n -+ 
Tn

0
(q)=·-· [T '(q),H 

0
) 

L) ih eL 

nn =p.ws +(a l'+a 2-+ ••• )_w 0 ~ 

12 

.: 

. r -~.e. 
~> 

-~ ' J 

.·.·~ 

... 'tt:, 
'~j ' ,. 

.::, ..... :. 
.·.: . . . n -J>: • ·. ·.:. 

nn.- _lfaCTOTLI npe~eCCHH BenH'IHH T (q) B MarHHTHOM 
none, npe,ncTaBnJIIDUlHe co6oii pe 3o'HaucuLie qacToTLI ACP ;· 

~. ~ TnK __ (i) ~t onHc_LIBae'i'~.n~fllflly3H?l!HLI~_~noTOK<Heo.n~.~~
po.nuoro, pacnpe.nem!HiiJI>T.. (q) ~ ~ T (f) .(q) : onp·e~eiiJieT 
CKOpOCTL H3MeHeHHJI BenH'IHH -T ( q) npH B3aHMO,neHCTBHH 

. .. 3nexTjlOHOB C peweTKOH. · , . · ·· .. 
. ~- .. Cl)'yHK~HH rpHHi /3.1/ y,noBneTBOpJIIOT ~ellO'IKe ypaBHEmH:ii ,· 

,. 
~-'5-'-- •• 

• . . ~" ~ .. ~11: 

(i(O n -w >.;t- ;f{"t,=i-G I 

< i(_n ~..:~ ~ ~~') G i ~~ 
1 
+.'G 

2
. 

:/3.3/ 

r.ne > 
--~ ~-

n' .:· 0 t(£-iw ) 
G = G _;n (w >;·- G 1·_7' J dte 

n -+ .-. K '1 -n-K. -+ . 

(T (q) ,-q m T . (7_q,t)+ 
, . -oo 

··-n _. ·. 
,. + T 

0 
(-q,t)) 

' (d . 

·o· . . . ,·. . . .. __ .. 
. t( £-lW ) . ' ' :· 1 K · • • n · -:!.. 

· G =· f dte '(iq':\~-T'- (q)+T (q,, 
- 2 -oo ' . . . m ' :_ (£) .· . .).. . 

"'·.~ 

K 1 -n- K 4 ' • ~ _- . -+ • 
-q lilT.. <-q,t)+ __ T(£)_<-q. ~>> 

. -· 
~ .. "; 

.,·· ( n -+ -n j··.;-
.. l=(T (q), T .(-q)) 

·1 =(T 
l 

n -+ . K 1 ~n- K -+ . • -n -+ 

(q),-iq m,T: (-;-q)+T(£>. (-q)). 

.. 
. :\ 

> /3.4/ 

"..:. 

:-....; 

_;·:· /3.5/. 

·.· . . ... ,..:.J'·. 

cl»opManL~oe pe~eHHe -~enolf~H f3 .3/ Mo)two 3anuca T"i>)) ~Ji~e 
• ... ' ¥ • • •• 

'G <. . . I . . R G . . .Ir . =-- e =---....,....-
M+E+i(fln~w) •· . · (0~-~)2-+r2 

. ;. ~~-. 

/3:'6/. ;. , ' 

• ·... ¥ •••• 

. ·. -

-. :· .: .. \ 
''."': .. ·~· .. 

t~<·: 

•' 
·", 

· .. 

:'~ :~ ...... 
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r.D;e M ,;·GIG -I ·- MaCCOBLIH onepaTOp .D;mi41YHKIJ;HH rpuua 
13.11, . 

n . ... ·. 
r =r (w) =ReM,· 0 '· =0 '+ TmM. -n.. · n n 

n 

BenH'IHHa r = r -n ( Ul) npe,D;cTaBnxeT co6oii WHPHHY nHHHH 
ACP. a h ~- n n - ¢,li;BHr pe30HaHCHoiinB:HHH, o6ycnoBneu
HLiii .D;HcWJy3Heii :meKTpOHOB. H pacceXHHeM HX Ha peweTKe. 
C DO.MOinLIO IJ;eDO'IKH ypaBHeHHH 13.3/ MaCCOBLIH onepaTOp 
MO)KHO npe.D;CTaBHTL B B~,D;e 

I I +G 2 1 · 2 -1 1 2 -I . 
M= =-(I I+G 

2
+G

1 
G ), r.=-Re('G +G G ).· 

I . -G I ·. · I 2 · I 
, - I 

13.71 
Haii,D;eM wupuuy nHHHH I, c TO'IHOCTLIO ,D;O qneuoB -q 2u 

B 6opHOBCKOM npH6RH)KeHHH no B3aHMO.D;eiicTBHIO 3ReKTPOHOB 
c peweTKOii H ef • B 3TOM cnyqae wupuua nHHHH onpe.D;emieTcx 
TORLKO 41YHK:u;ueii G2 B I3.7I,TaK:'ITO 

1 ' 2 r=TReG2 =qD+v, 13.81 ,. 
n II 1. . · 

npH'IeM D=D-n(U~hD cos
20+ D stn 2 0 .- TeH3op .D;H4141Y3HH 

I e - yron Me)K,Il;y BORHOBLIM BeKTOPOM 3ByKa H OCLIO. z I' 
a v = v ~n( U1 ) - 'laCTOTa O,D;HOpO.D;HOH penaKCaiJ;HH. JIBHLie 
BLipa)KeHHX ,D;RX 3THX BeRH'IHH HMeJOT BH.D; 

II m -2 ° t(f- iUI ) nz -nz 
D -~ Ref dt e (T , T (t)) 

(T n,T -n) -oo 
13.91 

l -2 0 . ( . )' m · t f-IUI n+ -n-
,.p ., ;=; Re f ~t e •. . I (T . , T ( t)) + 

(Tn, T-n ) -co 

n- -n+ 
+(T. ,T (t))l 13.101 

14 

0 
Re J dt e t(_E -iU~) 

-co 

1 • n · ··-n . _ 

(T (f) , T (f)' (t)), 
13.111 

V=----
(Tn, T-n) 

· n n 
r,D;e T =T (q =0); 

PaccMOTPHM4iYHKIJ;HIO rpuua 
C 13.6/ HMeeM . 

G _:: (ill). Ilo auanoruu · 

13.121 
~ . 

(TnK C) T -n-K { _-+)) 
.nK · q, · q + 
G ( Ul) = ' K = ( 0 ' - ) '• -n-K ·· · ., 

M nK (q,U~ )+i(O n+KU~0-cu) .. -n-K ,. . · 

npH'IeM 3aTyxaHHe 3TOH 4iYHKIJ;HH paBHO 

. 2 · nK II ,2 .l . 2 
ri=q_DI +VI' .DI=D_n~UI)=DI cos O+DI Sine 

./3.131 
-2 . 

II· m ·· 0 t(E"'"iw)· llKz -n:...Kz 
D 1 = . ~ Re J dt, e ( T · , T · ( t)) . 

(T·nK,T-:-n--K)· -oo .. 

1. -2 . 0 t (f -iUI) nK+ -n-K-
D 1 = m Re f dt e I ('f ,T (t)) + 

(TnK' T -n-K) -oo 

+ ( Tn~-j -:-n-K~( t)) I . /3.141 

0 t( f -lUI) Re r dt e • nK • -n- K 

(T~ T-n-::K) ~ (T<f>' T (f) (t)) : .. 
1 

VI 

KaK BH,D;HO H3 4!opMyn 13.91, 13.101, KOMDOHeiiTLI Teli3opa 
ABcWJy3HH~- BXO,D;XIIJ;He B WHpHHY RHHHH ACP /3:8l,'npe,D;cTaB

.· RJIIOT co6oii 4iyHKIJ;HH rpuua 13.12/ npH _q = 0. 
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IJpe)l():(e BCerOOTMeTHM, qTO BeJiaqHHa V /3.11/ 3aBHCHT 
OT CTPYKTYPLI orrepaTopa T n .EcJIH T n = ~ s~ H He CO.D;ep-

. . l 
iKHT·KOMIIOHeHT 3JieKTpOHHOrO HMIIYJibCa, TO v rrpe,D;CTaBJI.H-
eT co6oii ..JacToTypeJ,IaKca:unn norrepeqnoro v2s (fL= ±) HJIH 
rrpO.D;OJILHOrO vis ( {l= 0) CIIHHa 3JieKTpOHOBIIpOBO.D;HMOCTH. 
Ecnn iKe orrepaTop Tn 3aancHT OT 3JieKTponnoro HMrrynLca; 
TO v ITO IIOp.H.D;KY BeJIHqHHLI COBIIa,D;aeT JIH60 C vim , JIH6o 
c v2m' r.D;e vIm H v 2m - .qacTOTLI penaKCa:UHH rrpo.D;OJILHoro 
H rrorrepeqnoro HMIIYJILCOB 3JieKTpOHOB. 0.D;HOpO.D;Ha.H qaCTb 
3aTyxaHH.H TeH30pa .D;H~~Y3HH /3.14/, oqeBH.D;HO, BCer,D;a 
HMeeT IIOp.H.D;OK VIm (~=0) HJIH v2m(K= ± ), TaKKaKOIIepaTOp 
IIOTOKa BeJIHqHHLI T Beer ,D;a CO,D;epiKHT KOMIIOHeHTY HM
rryn'Lca xoT.H 6LI nnneiino. ):{anee, neTpy.D;no 3aMeTHTL, qTo 

(Tn~T -nz ) 

(T n 'T -n) 

2 2 -:.. m vII 
. (T n+,T-n-) 1 2 2 

·-----m v 
( T n' T -n ) -, 2 4-

r.D;e . vii H V..L - cpe.D;HHe cKopocTH xaoTnqecKoro .D;BHiKeHH.H 
3JieKTpOHOB B.D;OJIL H IIOIIepeK HarrpaBJieHH.H MarHHTHOrO IIOJI.H. 
C yqeToM :nnx cooTHomennii mnpnny JIHHHH ACP /3.8/ 
B pe30HaHCHOH TOqKe w ::::0 n MOiKHO 3aiiHCa TL B BH,D;e 

2 
2 2 VII • 2 . 1 2 v., 

r - q I cos e ....:._u + sirr e - VJ. _._,.....!!...__ I+ v. 
- v 2 w2+v2 

Im 0 2m 
/3.15/ 

IJpH BLIBO.D;e ~OPMYJI /3.8/ H /3.15/ MLI rrpene6perJIH .D;H!W>y-
3HOHHOH qacTLIO 3aTyXaHH.H ri B TeH30pe .D;H!W>Y3HH D . 
TaKHM o6pa3oM, TeopH.H crrpaBe.D;JIHBa rrpn q 2D1 < v 1 , HJIH 

16 

2 2 
q 1 cos e 

2 v 
2 v-L 2m + 
~ + sin20 T [ (K+1)2wo2+v2~ 
vlm 

+ v2m 
( K -1)_2 w 2 · 2 ] I < v1 

0 + v . !hi 

/3.16/ 

r,D;e. v 1 -::.v lm rrpH .!< = 0, H .vI = v 2m npn K= ±. OT~IO.D;~ 
rronyqaeM, qTo rrpn rrpo.D;OJILHOM pacrrpocTpaneHHH 3ByKa 

KPHTepHii rrpHMeHHMOCTH TeOpHH eCTb. qv II <vIm H~ q e II < .1' 

r,D;e e II = VII /vim - . cpe,D;H.H.H .zinHHa CB060.D;Horo rrpo6era 
3JieKTpona B.D;OJIL MarnHTHoro rron.H. llpn rrorrepeqnoM pac
rrpocTpaneHHH · B cnyqae cna6blx :MarHHTHLIX rroneii w 0 <v2m 
HMeeM YCJIOBHe 

qfJ. <1, 

r,D;e f'.J. =V.Jv - ~pe,D;H.H.H .D;JIHHa CB060.D;HOrO rrpo6era B IIJIOC-. 
KOCTH, rrepn

2
emH.D;HKYJI.Hpnoii H. B CHJibHOM MarnHTHOM none 

w >v nMeeM KpHTepHH 
0 .2m 

qR <1. H qf.J. < 1, 

r.D;e R = v l I w0 - pa.D;nyc :UHKJIOTponno:ii op6HTLI 3neKTpona. 
Pe30HaHC oy,D;eT 3aMeTHLIM, ecJIH (I)== nn ·>r. 06cy~HM 

B03MOiKHOCTL na6nro.D;eHH.H ACP .D;JI.H pa3nnqnLix MexanH3MOB 
B3aHMO,D;eHCTBH.H 3JieKTPOHHLIX CIIHHOB CO 3ByKOM.· 

A. IIycTL orrepaTop T n = ~ S j · He 3aBHCHT oT_HMrrynL: 
l ' 

ca. Torp;a MLI nonyqaeM O.D;HY miHHIO ACP na qacToTe 
il n = W 8 , ·a V B /3.15/ COBIIa.D;aeT C qacTOTOHpeJiaKCa:UHH 

IIOIIepeqnoro . 'crrHHa v28 • ,ll;JI.H 3JieKTpOHOB DPOBO.D;HMOCTH 
o6LiqHo v 2s' <<:t .. 2~ ' TaK . qTo . JIHHH.H ACP OKa3LIBaeTC.H 
Y3Koii, KaK B cnyqae rrapaMarHHTHoro pe3onanca. llpn 3TOM, 
cornacno /3.15/, :KpnTepnii BLIIIOJIH.HeTc.H, e cnn 

s2 
v ·<w< VIm~ 
2s 11 

«illfl~· 

., · 2s·2 .· ,-+ '-+ 

v2s<w<v2m v2 (~-LH, wo<v2m) 
.l 

2 2 
wo 2s -+ -+ 

v <w<- - 2 (qJ.H, w>v ). 
2s v v • 0 2m 

2m .J.. 

/3.17/ 
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IIIHpHHa nHHHH ACP B pe3oHaHCHOH TO'IKe w 8 paaHa, cooT
aeTcTBeHHO 

r = v2s 
. 2 -+ -+ 

+ (q ell) vIm (q II H ) 

1 2 -+ -+ 
r ==v + -(qe,) v.

2 
·(q.l H, w

0 
<v

2 
) 

2s 2 .... m m 
l3.17a( 

r = v + ~ ( qR )
2 

v
2 2s 2 m 

-+ -+ ) 
(qjH,wo>v2m • 

<l»opMynLI 13.17 I onpe.neri.1noT HHTepBaJILI qacToT, B KOTOPLIX 
MO:lKHO Ha6mo,naTL ACP. 3ToT cnyqau MO:lKeT HMeTL MecTo 
,nn.11 MexaHH3Ma -1 · lxpHCTaJinLI Bi , Si I, MexaHH3Ma 2, 
MexaHH3Ma· 4 IHanpHMep, B KpHcTanne · Cd S I. ,D;n.11 KpHCTan
na Bi BTopou H3 KPHTepHeB 13.17 I nony'leH MuxowH6oii 121. 

li. rlycTL onepaTop T" = 2 s-+: P ~ . B 3TOM cnyqae 
j J J . . . 

ACP 6y,neT co.nep:lKaTL TPH nHHHH Ha,qacToTax W
8 

,ws ± w0 
COOTBCTCTBeHHO TpeM. 3Ha'leHH.IIM a= (0, ± ). KaK MLI BH,nenH 
BLIWe, B 3TOM cnyqae O.D;HOpO,nHa~ ,;qacTL WHpHHLI nHHHH 
ACP oxa3LiaaeTc.H nop.H,nxa qacTOTLI penaxcauHH HMnynLca, 
H, cne.noaaTenLHO, nHHHH ACP aoo6IUe .D;OJI)I(HLI 6LITL ropa3,no 
WHpe, qeM B cnyqae A. 

_, ,lJ;anee, .H3 tiJOPMY,JILij3.15l ~ne,nyeT,,qTOllpH w 0 <v2m H. 
q.1fl,. a llpH q !! H BO BCex. cny'la.HX HepaBeHCTBO w > f 

He BLinonH.HeTc.H •. 3To 03Ha'laeT,. 'ITO B cna6oM MarHHTHOM 
none, a .nn.11. npo.nonLHoro pacnpocTpaHeHH.H 3ByKa acer.na 
ACP HeHa6mo.naeM. 3ToT pe3ynLTaT ocl-aeTc.H cnpaae.nnu
BLIM H B 6onee o6Il{eM cnyqae onepaTopoa T ", 3aBHC.HIUHX 

n , i al a2 
oT HMnynLca: T o: 2 S . P. P. . . . . ,D;n.11 · nonepe'IHoro 

j J J J . 

pacnpOCTpaHeHH.II 3B}'Ka B CHnLHOM MarHHTHOM none fru > v 2m 
ycnoaHe w' l · BLinonH.HeTc.H B o6nacTH qacToT 

2 . 2 . 
w0 2s 
-;;- 2 

2m V .1 
vim <w < 

,nn.11 ACP aa qacToTe 

18 

w:w 
s H 

13.181 

v <w 
2m 

2 
/ wo 2J 
-....~. 

v v2 
·2m .·..l.. 

/3.19/ 

.nn..11 ACP Ha qacToTe w s ± w 0 • IIIHpHHLI 3T:8x :rurnHu paaHLI 
COOTBeTCTBeHHO ( q R < 1 , v - v . .) 

. . , :: . Im . -: 2m . 
1 . . 2 

r (w ) = VI + v -2. ( q R) :: VI. 
s m 2m m 

------- --=. -1·-· 2 

r(w.±<i> ):v2 · +v.2 -(qR) .=v •. 
s . 0 m m 2 · 2m 13.201 

Cnyqaii 1i peaJIH3yeTC..H B ll{eno'IHLIX MeTannax IMexaHH3M 11 
H p.H,ne nonynpOBO.D;HHKOB IMeXaHH3M 4/. 

ACP B IUeno'IHLIX MeTaJIJiax paccMaTpHBanc.H B pa6oTe 
repaCHMeHKO /I/. B HeH 6LinO HcnonL30BaHO HenpaBHnLHOe 
BLipa:lKeHHe ~n..H KOMllOHeHT MaTpHULI <l> ~ (q), , Haii,neHHOe 
paHee 3nnHOTOM /6/. CTpyKTypa 3TOH MaTpHULI 6Lina 
anocne,ncTBHH. nepecMoTpeHa B pa6oTe JlciJeTa I 5/, KOTopLIH 
llOKa3an, 'ITO B npHOnH:lKeHH..HX, npHH~TLiX 3THMH aBTOpaMH, 
KOMllQHeHTLI Ma TPHULI <I> ~ (q) ,n;n..H KpHCTannoB C UeHTpOM 
HHBepCHH IHanpHMep, .D;Jl.ll Il{enO'IHLIX MeTaJIJIOBI o6pall{aiOTC.II 
B HynL, H HY:lKHO Y'IHTLIBaTL qneHLl 6onee BLICOKOrO llOp.H,nKa 
it. p -T.eopHH B03MYIUeHHii. B CB.H3H c 3THM oueHKa 
HHTeHCHBHOCTH ACP oKa3anacL Hec:KonLKO 3aBLIWeHHOH. 
B pa6oTe repaCHMeHKO 6Lina o6Hapy)KeHa TOJILKO o.nuanHHH.II 
ACP npH w- w 

8
, WHPHHa KOTOpou oKa3anacL ropa3.u;o 

MeHLWe, 'leM B HaWeH TeOpHH 13.201, H paBHa l3;17al. 
MLI noKa3anH, o.u;HaKo, 'ITO BLipa:lKeHH.H .n;n.H WHPHHLI JIHHHH 
BLITeKaiOT H3 on epa TOpHOH CTPYKTYPLI B3aHMO,D;eHCTBH.II 
C~HHOB co 3BYKOM 12.21. EcnH 3TO B3aHMO.D;eHcTBHe co.nep
)KHT onepaTOpLI 3neKTpOHHOrO HMllYJILCa, KaK B paccMaTpH
BaeMOM cnyqae, WHpHHa nHHHH ACP He MO:lKeT 6LITL MeHL -· 
we, 'leM qacToTa penaxcauHH HMnyJILca v1m- HnH v2m • IIo~

TOMY pe3ynLTaTLI pa60TLI /I/ cne,nyeT OTHeCTH K KpHCTan
naM THna Bi HnH Si, r.ne ·3KCTpeMyM 3HeprHH 3neKTPOHOB. 
He ne)KHT B UeHTpe HJIH Ha rpaHH 30HLI lipHJIJII03Ha. . 
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